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The postural instability in hemiparkinsonian rats 1s ameliorated
by intrastriatal implants of S102-DA

La inestabilidad postural en las ratas hemiparkinsonianas es reducida
por implantes intraestriatales de S102-DA

José L. Bata-Garcia! Dulce M. Esquivel-Gomez?2 Carlos E. Pérez-Osorio? Angel S. Castilla-Tirado? Luis A. Estrada Loyo®

Abstract

Parkinson's disease (PD) is a chronic disease with loss of dopaminergic neurons of the substantia nigra pars compacta (SNpc)
causing motor impairment. The objective of this study was to evaluate the effect of the intrastriatal release of dopamine (DA)
from SiO2 reservoirs on postural asymmetry in hemiparkinsonian animals. This study compares groups of rats without an implant
(L), with empty SiO2 implant (SiO2), and with SiO2 implant plus DA (SiO2-DA) to assess motor and clinical relevance during
vertical exploration using the Steps Adjustment and the Cylinder tests. All rats showed significant deterioration of up to 80% (p <
0.0001) in the execution of the steps with the contralateral forelimb (CF), without affectation of the ipsilateral forelimb (IF) and
only the SiO2-DA group recovered 100% symmetry in the adjustment of steps between both forelimbs. In the cylinder, only the
Si02-DA group significantly reduced (p < 0.0001) the deterioration in the use of CF during vertical exploration. No tolerance or
dyskinesias were present at the time of the study. These results showed that SiO2-DA reservoirs are safe and a promising thera-
peutic alternative against PD.
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Resumen

La enfermedad de Parkinson (EP) es una enfermedad crénica con pérdida de neuronas dopaminérgicas de la sustancia negra
pars compacta (SNpc) que causa deterioro motor. El objetivo de este estudio fue evaluar el efecto de la liberacion intraestriatal
de dopamina (DA) de reservorios de SiO2 sobre la asimetria postural en animales hemiparkinsonianos. Se utilizaron dos pruebas
motoras con relevancia clinica: la Prueba de Ajuste de pasos y la Prueba de Cilindro durante exploracion vertical. Se formaron
tres grupos: animales sin implante (L), con implante de SiO2 sin DA (SiO2) y con implante de SiO2 con DA (SiO2-DA). Todas
las ratas mostraron deterioro significativo de hasta 80% (p < 0,0001) en la ejecucion de los pasos con la pata anterior contralateral
(PAC), sin afectacion de la ipsilateral (PAI) y tnicamente el grupo SiO2-DA recupero la simetria al 100% en el ajuste de pasos
entre ambas patas. En el cilindro solo el grupo SiO2-DA redujo significativamente (p < 0,0001) el deterioro en el uso de la PAC
durante exploracion vertical. No se observo tolerancia ni discinesias en el tiempo del estudio. Estos resultados mostraron que los
reservorios de SiO2-DA son seguros y una alternativa terapéutica prometedora contra la EP.

Palabras clave: Inestabilidad postural, hemiparkinsonismo, reservorio de SiO2-DA, administracién de farmacos, enferme-
dad de Parkinson
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Introduction

PD is a chronic degenerative disease with severe loss
of DAergic cells from the nigrostriatal pathway in the brain.
The World Health Organization estimates that over 5.8 mi-
llion people in the world suffer from PD. In Mexico, the
estimated incidence of PD is 14.9/100,000 in 2023

One of the available options to treat PD is pharma-
cological therapy. The drugs used for this purpose aim to
normalize the motor function of the patients and try to
avoid the appearance of adverse effects. Although DA is
an endogenous neurotransmitter of the CNS and its severe
loss causes the motor symptoms observable in the PD, it
cannot be administered systemically to restore the DAergic
neurotransmission and the normal motor functions due to
its inability to cross the blood-brain barrier (BBB). For
this reason, other drugs that can cross the BBB, such as
L-DOPA, a precursor of DA synthesis, or DA agonists are
used. L-DOPA is the most effective drug in reducing the
symptoms of PD. However, after prolonged use, almost
50% of patients develop significant motor fluctuations and
dyskinesias? The medical costs of treating patients with PD
increase in direct proportion to the onset of these complica-
tions. In addition, antiparkinsonian drugs frequently have
poor or discontinuous availability?

Recent studies*® have suggested the possibility of
using nanomaterials from inorganic matrices like silicon
dioxide (SiO2) as a biocompatible excipient for the con-
trolled release and delivery of various organic molecules to
their target sites. When the matrices meet in contact with the
tissue, the molecules contained in the excipient are released
through the pores on the surface of the material in a sus-
tained form, presenting an interesting alternative in the field
of drug delivery’ In the study of Lopez et al* in hemipar-
kinsonian rats, it was found that the implant in the striatum
of dioxide-silica with DA (SiO2-DA), significantly reduced
the number of turns induced by systemic administration of
apomorphine in relation to the behavior before the lesion.
However, the symptomatology of PD is complex. Patients
with PD show motor symptoms such as tremors at rest, de-
crease and delay in the initiation of movements (akinesia),
slowness in movements (bradykinesia), rigidity, and pos-
tural instability! The reduction of the circling behavior is
only one parameter of the beneficial effect on motor activity
of treatment in hemiparkinsonian rats. A symptom that pre-
sents in human patients of PD and chronic models of par-
kinsonism in animals is postural instability. The tests used
to evaluate the beneficial effect of the treatments against PD
in animal models have clinical relevance. The objective of
the present study is to assess the effectiveness of intrastriatal
implants of SiO2-DA to recover postural stability in animals
with massive loss of DAergic neurons of the SNpc with
6-OHDA. This design also allows for the assessment of
the instauration of side effects such as motor oscillations or
abnormal responses such as dyskinesia caused by the pro-

longed systemic administration of antiparkinsonian drugs
such as L-DOPA. It also allows monitoring of the develo-
pment of complications due to the surgical procedure itself.
The findings obtained in this study will provide insight
into the viability of assessing this type of procedure in pa-
tients with PD. Since it is a procedure that requires surgery,
it could be ideal to be tested in patients where conven-
tional treatments have failed to cause motor improvement,
avoiding the need for further antiparkinsonian drug admi-
nistration by the systemic pathway for a long time, and thus
reducing the probability of adverse effects and high costs.

Methods

Animals and housing: Adult male Wistar rats weighing
292.02 £9.04 g on average (range: 224 to 385 g) were used
in this study. Animals were housed in a room with a con-
trolled temperature (23 + 10C) and with an artificial day/
night cycle of 12 h light (7 a.m. to 7 p.m.)/12 h darkness.
They were housed individually in acrylic cages with the
floor covered with a layer of sterile sawdust (Beta Chip®),
which was replaced on alternate days. Water and food were
available ad libitum. All experiments were performed by
the NOM-062-Z0O0-1999 for the use of laboratory animals
in Mexico® and the recommendations issued in the Guide
for the Care and Use of Laboratory Animals® Every effort
was made to minimize their discomfort and suffering and to
use the minimum number of animals necessary to perform
a statistically valid analysis.

Stereotaxic procedure for the lesion of the right ni-
grostriatal pathway with 6-OHDA in animal model: The
neurotoxin 6-hydroxydopamine (6-OHDA, Sigma-Aldrich,
USA, 9 ug free base/3 pl with 0.1% ascorbic acid as an an-
tioxidant) was used to induce the selective death of nigros-
triatal neurons in the animal model of hemiparkinsonism.
6-OHDA is selectively absorbed by catecholaminergic
neurons through a specific transporter and undergoes an
oxidative process in the cytoplasm, causing the generation
of hydroxyl radicals, hydrogen peroxide, and superoxide,
which accumulate causing the death of catecholaminergic
neurons due to apoptosis’ To avoid damage to noradre-
nergic cells, the rats were treated thirty minutes before the
injection of 6-OHDA with a single dose of desipramine
(Spectrum, USA, 25 mg/kg, i.p.), which is a norepinephrine
transporter inhibitor!® 6-OHDA was injected directly into
the substantia nigra pars compacta (SNpc) of the brain’s
right side, where the DAergic neurons that innervate the
striatum are concentrated. The procedure was conducted
using a 30-gauge needle connected to a polyethylene
catheter (PE10) and to a 10 pL microsyringe (Hamilton,
Reno, NV) containing the 6-OHDA. For the procedure,
the rats were anesthetized with pentobarbital (45 mg/kg,
i.p.), and their heads were immobilized in a stereotaxic
frame (Stoelting), with the bar of the incisors placed 3.3
mm below the interaural line. The coordinates for the in-
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jection of 6-OHDA were: Anteroposterior (AP) = -5.3 mm
about the Bregma line, Lateral (L) = -1.8 mm concerning
the midline, and Ventral or depth (V) = -7.6 mm from the
surface of the dura!' After trepanation on the skull surface,
the tip of the needle was lowered to the SNpc. Once the
tip of the needle was placed in the SNpc, the injection of
6-OHDA was done manually in small steps (approximately
0.2 uL/min), and at the end, the needle was held in place for
one additional minute before withdrawing it.

Although the nigrostriatal DAergic pathway of each
cerebral hemisphere modulates the function of the ipsila-
teral motor cortex, the descendent pyramidal pathways are
crossed and each one controls the movements of the muscles
on the contralateral side of the body. Therefore, after the
unilateral lesion to the nigrostriatal DAergic pathway of the
right side of the brain, a motor deficit is observed in the left
side of the lesion (contralateral side of the body).

Contralateral circling behavior test with apomorphine
challenge: Two weeks after the lesion of the SNpc of the
right side of the brain, and before the intrastriatal implant of
the reservoir of SiO2 with or without DA, all lesioned rats
received a single dose of apomorphine (0.25 mg/kg, s.c.)
to induce turns to the contralateral side of the nigral lesion.
Each rat was placed in a hemispherical bowl (41 cm in dia-
meter), and the thorax was secured around with a harness
connected with a steel wire up to an automated rotameter
that allowed counting the total number of turns, either made
to the left or right side.® To allow the rats to move on to the
next phase of the study, the administration of apomorphine
should induce at least two hundred contralateral closed and
complete turns (3600) as if the rat were pursuing its tail.
The rats were distributed in the following groups: A) rats
that were lesioned with 6-OHDA and didn’t receive an in-
trastriatal implant (Lesion Group, N = 4); B) lesioned rats
that subsequently received the intrastriatal implant of Si02
without DA (Group with SiO2 implant, N = 4); C) lesioned
rats that received the intrastriatal SiO2 implant with DA
(SiO2-DA implant group, N = 4).

Surgical placement of nanostructured SiO2 reser-
voirs with or without DA in the rat’s striatum: The na-
nostructured silica (SiO2) with or without DA implanted
in the striatum of the hemiparkinsonian rats to evaluate
its effect on postural instability in this study was synthe-
sized at the "Inorganic Chemistry Research Center of the
University of Guanajuato, Mexico" who founded that the
average pore size in the nanostructured material was es-
timated between 40 and 152 A and the Fourier transform
infrared spectroscopy (FTIR) showed weak interactions
between the DA and the matrix, suggesting an easy release
of DA For the preparation of the reservoirs, the powdered
nanomaterial (SiO2 with or without DA) was packed into
the lumen of a 17-gauge cannula, which edge was pre-
viously cut and smoothed. The reservoirs weighed 1.5 mg,
with a cylindrical shape, with the following dimensions:
I mm in diameter and 2 mm in length. On day 51 post-
lesion (PL), the SiO2 (without DA) and SiO2-DA reser-
voirs were implanted under anesthesia in the right striatum
of the hemiparkinsonian rats, ipsilateral to the 6-OHDA-
lesioned SNpc. Once the rat was anesthetized, its head was
fixed to the stereotaxic apparatus as previously described
for the surgical lesion procedure, with the incisor bar 3.3
mm below the interaural line. The reservoirs were gently
pushed with a blunt-tipped piston into the lumen of the
cannula and the distal edge of the cannula was placed at
the following coordinates: AP, 1.0 mm; L, -3.3 mm, and V,
-6.5 mm, corresponding to the dorsal region of the striatum,
which has been reported to be strongly associated with
steps adjustment modulation!* After the surgical pro-
cedure and during postsurgical recovery, the animals were
re-housed in individual cages with food and water ad li-
bitum for at least one month before starting postural ad-
justment tests post-implantation (PI).

Postural adjustment tests: Two clinically relevant
postural adjustment tests were performed to evaluate the
effect of the directly released DA into the striatum from
Si02-DA reservoirs on the motor deficit in rats: the Step

Figure 1. Setup to assess the Steps Adjustment Test. The number of steps with the forelimbs is counted while the rat’s body is gently pushed
with the experimenter’s hand on a smooth sheet of stainless steel at a constant speed to a video camera. A) Push to the contralateral side of the

lesion. B) Push to the ipsilateral side.
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Adjustment Test (SAT) (see Figure 1A-B) and the Cylinder
Test (CT) (see Figure 2). The same experimenter con-
ducted the tests between 10:00 a.m. and 6:00 p.m. The
SAT was performed three times a week on alternating days,
whereas the CT was carried out only once a week.

Step Adjustment Test (SAT): The SAT measures
the rat's ability to maintain its balance when the experi-
menter gently pushes it to the sides and is considered an
analog of the "pull test" that neurologists have used in the
diagnosis of PD.>!¢ For this assessment, the experimenter
places an extended hand on one side of the rat's body (see
Figure 1A-B) and gently pushes it to one side and subse-
quently to the opposite side. The experiment is conducted
on a smooth stainless-steel surface of 1 m in length at a
constant speed of 20 cm / s. Each one of the alternating
displacements of the rat to the left or the right side were
named trials, and these were repeated four times for each
side per rat.'® The activity was videotaped for later analysis.

The number of steps performed in each test with each
forelimb was counted and averaged to obtain a single-step
value for each limb of each rat. Subsequently, these values
per rat were averaged to find the group mean per day of
evaluation. This procedure was repeated for each expe-
rimental phase of SAT (i.e., pre-lesion, post-lesion, and
post-implant phases). To evaluate the therapeutic effects
of the SiO2 or SiO2-DA reservoir on recovery of sym-
metry in the use of the forelimbs to perform steps after the
lesion, the number of steps performed with the CF was
divided between the number of steps with the IF and the
result was multiplied by one hundred.

Cylinder Test (CT): This test evaluates the number of
contacts that the rat makes with its forelimbs on the wall

Figure 2. Setup to assess the Cylinder Test. During vertical explo-
ration, the number of contacts on the wall of a clear acrylic cylinder
is counted while its activity is videotaped. Two mirrors were placed
behind at an angle such the contacts could be recorded whenever
the rat had its back to the camera.

of a transparent cylinder during postural changes and is
analogous to the use of the legs in humans when walking
and during postural changes while standing up.”'® Since
the number of contacts on the cylinder wall represents a
more sensitive indicator of the motor deficit due to striatal
DAergic depletion and to the response to antiparkinsonian
therapy than those made on the floor, only the contacts
during vertical exploration were considered in this study.
Each rat was placed inside a transparent acrylic cylinder of
30 cm in height and 20 cm in diameter and its activity was
videotaped for 10 min. A double mirror was placed behind
the cylinder at an appropriate angle to allow registration of
the contacts on the cylinder wall, even though the rat had
its back to the camera (see Figure 2).

The wall contacts were classified as follows: (a) in-
dependent contacts on the cylinder wall with the IF or
with the CF, and simultaneous or semi-simultaneous con-
tacts with both forelimbs (BF). According to the criteria
of Schallert and Tillerson'®: (a) during vertical exploration,
the first forelimb used for the initial contact was registered
as independent (IF or CF); (b) each lateral movement tou-
ching the wall with the forelimb was recorded as inde-
pendent (IF or CF); (c) when one limb was already making
contact with the wall, the posterior placement of the other
limb (> 0.4 s) was recorded as simultaneous (BF); (d) if the
rat examines the wall laterally, all alternating movements
involving the IF and the CF, were recorded as a simul-
taneous (BF); (e) when one limb maintained contact sta-
tionary; while the other limb made small step adjustments,
it was recorded as a simultaneous contact (BF); (f) when
BF was removed from the wall, the new contact was re-
corded as independent or simultaneous, as previously des-
cribed. For a test to be considered valid, the rat needed to
make at least twenty contacts on the cylinder wall during
the evaluation. When necessary, the rats were encouraged
to make contact with the cylinder wall, using the following
actions: 1) covering the upper half of the cylinder entrance
with a sheet of paper; 2) removing the rat from the cylinder
for 30 s and returning it to the cylinder again, 3) turning
the room light off and on again several times, and 4) repea-
tedly making noise on a metal surface or the surface of the
cylinder!®!%1° The relative percentage (RP) in the use of IF
was calculated as follows: independent use of the IF was
divided between the total number of contacts (IF + CF +
BF) exhibited by each animal and multiplied by 100. The
same relation was employed for RP of CF and RP of BF.

Sequences of the SAT and the CT: The step ad-
justment test was performed every week on alternate days.
To obtain the baseline prelesion (BPRE) values, the test
was conducted between days -7 to -3 before the lesion
(see Figure 6). To obtain the baseline postlesion (BPOST)
values, the test was conducted between days 44 and 48 of
the eighth postlesion week. For the groups that received
the implants with or without DA, the test was conducted
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at weeks 12, 16, 20, and 24 PL (corresponding to weeks 4,
8, 12, and 16 PI, respectively) (see Figure 3). To calculate
the basal prelesion (BPRE) values, the cylinder test was
conducted 1 day before the lesion (day -1) and to obtain the
basal postlesion values (BPOST) the test was conducted
again on day 50 postlesion (eighth post-lesion week). To
assess the therapeutic effect of the DA released from the re-
servoir of nanostructured silica in the striatum, the test was
conducted again at weeks 12 and 24 PL (corresponding to
weeks 4 and 16 P, respectively).

Histology: At the end of the experiments and 17
weeks after implantation surgery, the test animals were
placed under deep anesthesia and their brains were per-
fused with 200 mL of a cold phosphate buffer solution
(PBS, 0.1 M, pH 7.4), followed by 300 mL of cold parafor-
maldehyde (4%) in PBS, via an infusion system through
the ascending aorta. To appraise the extent of DAergic de-
nervation induced with the neurotoxin 6-OHDA, the pre-
sence of tyrosine-hydroxylase (T-H), the limiting enzyme
in the DA synthesis pathway, was evaluated using im-
munohistochemistry. The perfused brains were removed,
postfixed in 4% paraformaldehyde for 2 h at room tempe-
rature, and placed overnight in PBS with 15% sucrose at
4°C. Subsequently, using a microtome (Vibratome, Ban-
nockburn, IL), coronal sections of the brain with a thic-
kness of fifty um were obtained. The sections included
the striatum and SNpc regions. Each section was sequen-
tially placed on multi-well plates containing PBS. Most
of the sections were obtained approximately five hundred
pum from the rostral pole of the striatum and 6 additional
sections more caudal were obtained with a separation of
350 um, between one and the other. The SNpc was se-
rially cut throughout its total cranio-caudal extension and
the sections were stained alternately. The selected sec-
tions were incubated for 2 h at room temperature with a
blocking solution containing bovine albumin serum (1%),
triton-X-100 (0.3%), and sodium azide (0.0125%) in PBS.
The sections were incubated for 72 h with polyclonal anti-
T-H rabbit antibodies (Chemicon) at a 1:1000 dilution.
Then an ABC Vectastain kit (Vector) was used. The sec-
tions were washed 3 times with the blocking solution and

then incubated for 2 h at room temperature with a mouse
biotinylated anti-rabbit IgG secondary antibody, diluted
1:500. After this, the sections were incubated for 2 h with
the avidin-peroxidase conjugate and finally revealed in
a solution of H202 (0.01%) with 3,3'-diaminobenzidine
and cobalt chloride as a color enhancer. The immunos-
tained sections were mounted on gelatinized slides, co-
vered with coverslips and subsequently photographed
with a digital camera (Olympus DP11) fixed on a mi-
croscope (Olympus SZ11).

Statistical analysis: By international regulations
for the use of animals in research in Neuroscience, the
number of rats used in this study was the minimum re-
quired to obtain statistically significant results. To reduce
bias, all the observers were blind to the type of rats they
were examining when conducting the assessments of the
primary outcomes. The results are expressed as Mean +
standard error.

To calculate the average percentage of deterioration
after 6-OHDA lesion on the movement of the CF or
the IF of the 12 rats that reached the validation criteria
of a minimum of 200 contralateral turns after the cha-
llenge with apomorphine, the number of steps obtained
BPRE was subtracted to the value obtained BPOST and
the result was divided by the number of steps in BPRE,
and the means obtained of the percentages of IF were
compared against CF using an unpaired Student's t-test.
To compare the average number of steps of the CF and
IF throughout all phases of the study against BPOST, a
repeated measures ANOVA test followed by a Dunnett
post hoc test was used for each group. To evaluate the
efficacy of DA release from the intrastriatal reservoir of
nanostructured silica to restore symmetry between the
movement of both limbs to BPRE values, the means of
the percentage of symmetry obtained at weeks 4, 8, 12,
and 16 PI were compared to the values of BPRE, using a
repeated measures ANOVA test for each group, followed
by a post hoc Dunnett test.

For the cylinder test, to evaluate the effect of Si02-
DA reservoirs implanted in the striatum on the relative
percentage of the independent and simultaneous use of the

Week 16
: Week 4 Week 8 Week 12 or 4 Months
SAT (= 2 [ 8 AlCB SAT (=3 SAT cT SAT SAT SAT cT
(710-3) (1) |E (14) (4aTO48) (50) | p (7870 82) (84) (106-110) (134-138) (16270 166)  (168)
I I 5 1 4 I 4 1 1 " 1 I I
o N
Week 24
i LY T Week 12 Week 16 Week 20
Week -1 | Week 7 or 6 Months
BASALPRELESION BASALPOSTLESION WEEKS POSTLESION

Figure 3. A sequence of the postural adjustment tests performed by the hemiparkinsonian rats. Time of the assays basal pre-lesion, post-lesion,
and intrastriatal post-implant of SiO2 or SiO2-DA reservoirs. The numbers in the parentheses are the days of the behavioral tests about the lesion
(post-lesion days). Weeks in the upper part are about the moment of placement of intrastriatal implants and those in the lower part are about
the day of the lesion of the SNpc. Abbrev.: SAT, Steps Adjustment Test; CT, Cylinder Test; AICB, apomorphine-induced circling behavior.
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forelimbs to touch the cylinder wall during vertical explo-
ration, the means obtained for each case were compared
with a repeated measures ANOVA test followed by a post
hoc Dunnett's test. The significance level was set at 0.05.
All statistical analyses were carried out using the GraphPad
Prism statistical software, version 5.0.

Results

Contralateral circling behavior induced by apomor-
phine challenge: Two weeks after the lesion, the rats were
challenged by apomorphine to evaluate contralateral cir-
cling behavior. Twelve rats reached the validation criteria
after the challenge with apomorphine with an average of
336.3 +43.63 turns/90 min (rank: 200 to 636 turns/90 min).

Steps Adjusting Test (SAT): The twelve rats selected
showed a significant reduction in the execution of steps
with the CF at BPOST vs. BPRE. All the groups used
both the IF and CF to make steps and were symmetrical
throughout the BPRE evaluations (days -7 to -3). However,
on days 44 to 48 PL, there was a significant deterioration
in the CF, but not in the IF. The average percentage of dete-
rioration post-lesion in the number of steps with the CF of
the 12 rats evaluated was 81.25 +3.09 % (range: de 55.17 a
98.30 %), which was significantly higher (p <0.0001) than
that observed with the IF.

The animals without implants (N =4) made an average
of 14.65 + 0.06 steps on BPRE vs. 1.50 &+ 0.50 steps on
BPOST (p < 0.0001) (see Figure 4A). Rats with SiO2 re-
servoir (N = 4) made an average of 14.88 & 0.06 steps on
BPRE vs. 3.81 £ 0.74 steps on BPOST (p < 0.0001) (see
Figure 4B); while the animals with de SiO2-DA (N = 4)
reservoir made in average 14.31 = 0.42 steps at BPRE
and it was reduced to 2.25 £ 0.60 steps on BPOST (p <
0.0001) (see Figure 4C). In rats without an implant and
with the SiO2 reservoir, the motor deterioration showed by
the CF after the lesion, remained unchanged along with
evaluations (until day 166 PL) compared against BPOST
values (see Figures 4A and 4B). On the contrary, rats with
reservoir SiO2-DA showed a significant increase in the
number of steps vs. the BPOST, after the intrastriatal im-
plant, making an average of 2.25 + 0.60 steps on BPOST
vs. 14.00 + 0.53 steps at day 78 PL (p <0.0001), and 14.50
+ 0.10 steps at the day 166 PL (p < 0.0001), of the week
16 PI (see Figure 4C). The increase in the number of steps
with the CF started at day 78 PL and remained stable until
the last evaluation of the study, at day 166 PL (week 16 PI).
None of the groups showed deterioration in the number
of steps with the IF after the lesion, and this behavior re-
mained constant throughout all phases of the study until
the last evaluation (see Figures 4A-C).

In BPRE, the symmetry percentage in the use of IF
and CF to make steps was almost 100% for all the groups:
non-implant, SiO2, and SiO2-DA groups. For the week 12
PL, the groups without implant and with implant without

Figure 4. Adjusting steps of the ipsilateral and contralateral
forelimbs before and after the lesion, and after the implant. A,
Group without implant; B, Group with SiO2 reservoir; C) Group with
SiO2-DA reservoir. Abbrev.: BPRE, basal pre-lesion; BPOST, basal
post-lesion, before SiO2 or SiO2-DA implants. The asterisk marks the
value for both IF and CF (day 48 BPOST) vs. the values of the BPRE
(days -7 to -3), and vs. the days PI (days 78 to 168 post-lesion). op <
0.0001; +p < 0.05. Repeated measures ANOVA test, followed by post
hoc Dunnett’s test.

DA had a significant reduction (p < 0.0001) in the values
of symmetry percentage (Lesioned group: average 8.80 +
2.70%; SiO2 group: average 26.84 + 8.33%) maintained
until the week 24 PL (week 16 PI for the SiO2 group). (see
Figures 5A-C)

Only the SiO2-DA group increased its symmetry per-
centage to almost 100% for week 12 PL (week 4 PI; average
98.85 + 3.30%) maintained until week 24 PL (week 16 PI).
The values of symmetry percentage in the SiO2-DA group
didn’t show significant differences against the values ob-
tained in BPRE. The time-beneficial effect on the postural
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Figure 5. Percentage of symmetry in the execution of steps with
contralateral forelimbs. Abbrev. BPRE, basal prelesion; BPOST, basal
postlesion. In the upper zone are the weeks after the striatum silica
implant without or with DA. In the below zone are the weeks about
the nigrostriatal lesion. ***p < 0.0001. Repeated measures ANOVA
test followed by post hoc Dunnett's test.
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Figure 6. Relative percentage in the use of the forelimbs to make
contact with the cylinder wall during vertical exploration. The
upper zone shows the weeks post-implant, while in the below zone
are the weeks post-lesion. The symbols a, b, and ¢, above the bars,
represent the comparison between the means, during BPOST vs.
BPRE of the RPs in the independent (IF or CF) or simultaneous use
of BF, respectively. The symbols d, e, and f represent the compari-
son between the means of the RPs in the independent (IF or CF) or
simultaneous use of BF, during BPOST vs. the weeks 12 and 24 PL,
respectively. ¥p < 0.0001, +p < 0.001. Repeated measures ANOVA
test followed by post hoc Dunnett’s test.



adjustment with the intrastriatal SiO2-DA reservoir in the
hemiparkinsonian rats was 16 weeks (4 months), which is
equivalent to 10 years in humans?

Cylinder Test (CT): In BPRE, the relative percentages
(RP) were 22% for the independent use of each IF or CF
and around 58% for the simultaneous or almost simulta-
neous use of BF. The percentages changed significantly
(p < 0.0001) after the lesion, with an increase in the per-
centage of the independent use of the IF to around 100%.
In comparison, the RP of the independent use of the CF and
the simultaneous use of BF were reduced significantly (p
< 0.0001) to around 0%. In the groups of rats without im-
plant or with SiO2 reservoir, these percentages remained
unchanged until week 24 PL (week 16 PI). On the other
hand, the group with SiO2-DA reservoir showed a signi-
ficant improvement (p < 0.0001) in the percentage of the
independent use of the CF (average 12.41 + 4.42%) and
the relative percentage in the use of BF (average 27.44 +
3.05%), on week 16 PI (see Figure 6).

None of the hemiparkinsonian rats with Si02 implants
with or without dopamine showed motor oscillations after
implants, such as the "On-off" effect or dyskinesias such
as those caused by prolonged administration of L-DOPA.
(See Figures 7A-C)

Histological analysis: The analysis with immunohis-
tochemistry for T-H showed well-established immune la-
beling in the left striatum of the SiO2 group (see Figures
8A-B), and SiO2-DA group (see Figures 8D-E), and the
left mesencephalon (8C and 8F) for all the lesioned rats.
The right striatum and the right side of the mesencephalon
showed a lack of immuno-labeling because of the loss
of the nigrostriatal pathway with 6-OHDA. In the slices
of the right striatum, there was no evidence of DAergic
cell regeneration of the nigrostriatal pathway. The pre-
sence of reddish-brown particles is remarkable through
the SiO2-DA reservoir pathway in the left striatum (see
Figures 8D-E) in remarkable contrast to the SiO2 reservoir
pathway (see Figures 8 A-B) which was translucent.

Figure 7. Asymmetry percentage in the use of the forelimbs to touch the cylinder wall during vertical exploration. The symbol a, above the
bars, represents the comparison between the means, during BPOST vs. BPRE of the ASPs between the IF and CF. The symbol b, above the bars,
represents the comparison between the means of ASPs, during BPOST vs. the weeks 12 and 24 PL, respectively. +p < 0.0001. Repeated measures

ANOVA test followed by post hoc Dunnett’s test.

Figure 8. Immunochemistry to T-H in coronal slices of rat’s brain (50
pm) at the level of the striatum and the mesencephalic region. A-B,
Coronal slices of rat’s brain at the striatum level with SiO2 reservoir.
D-E, Coronal slices of rat’s brain with SiO2-DA reservoir. Scale bar 2
mm. C and F mesencephalic coronal slices with immunochemistry
to T-H, where is located the SNpc. B and D are higher magnifications
of the areas where are localized the reservoirs. Is noticeable that
the pathway of the reservoir with DA has a reddish-brown color,
suggesting the presence of oxidizable DA. The slices with immuno-
chemistry to T-H at the striatum and mesencephalic levels (C-E and
H-J) clearly show the absence of immune-labeling at the right side
of the slices, suggesting the lack of the DAergic cells of the nigros-
triatal pathway at that side.
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The reddish-brown particles in the SiO2-DA pathway
suggest the presence of oxidized molecules, probably DA,
which could be oxidized during the brain-fixing process.

Discussion

The main finding in the present study is that the release
of DA from an intrastriatal implanted reservoir in rats with
a chronic model of parkinsonism was effective in reversing
the deterioration in postural adjustment in a sustained and
safe way. The use of SiO2DA did not cause adverse effects
or dyskinesias as happens with the systemic administration
of drugs such as L-DOPA.

The absence of a beneficial effect on motor activity
in parkinsonian rats without implant or with the SiO2 re-
servoir reinforces the idea that it is the DA released from
the intrastriatal reservoir (see Figure 9) that produces the
beneficial effect on the postural adjustment of hemipar-
kinsonian animals and not the sole presence of the silica
matrix, the mechanical alterations caused during the ste-
reotactic placement of the implant or the periodic repe-
tition of the adjusting step test.

Injection into the right side of the midbrain of the
6-OHDA neurotoxin resulted in the massive death of the
DAergic neurons of the SNpc. This produced a significant
reduction in the steps performed with the contralateral
forelimb during the adjusting step test, without the in-
volvement of the ipsilateral limb, resulting in a marked
asymmetry between both forelimbs, according to pre-
vious studies.'® The asymmetry in the use of the forelimbs
to execute steps observed after the lesion of the SNpc
of the right side of the midbrain remained unchanged
throughout the study period during the step adjustment
evaluations in the rats without implant and until the week
16 PI in rats with the implant of SiO2 without DA. Only
in rats with the intrastriatal SiO2-DA implant, the dete-
rioration in the number of steps with the CF was signi-
ficantly reduced from the first postimplant evaluation
(week 4 PI), with recovery in symmetry in the number of
steps between the IF and CF, around 100%, and without
significant difference with the values of the BPRE. Once
symmetry was reached in the execution of steps with the
IF and CF, it remained stable, that is without oscillations,
during the following evaluations until the week 16 PI, su-
ggesting the controlled release of DA within the striatum
(see Figure 9) during all this time (4 months), which is
equivalent to 10 years in humans?

The histological analysis confirmed the correct pla-
cement of the SiO2-DA reservoir which was found in the
dorsal region of the striatum. The entry pathway of the
Si02-DA reservoir in the striatum showed reddish brown
particles which suggested the presence of oxidizable DA
in this area, while on the contrary, the entry pathway of the
Si02 reservoirs was translucent. Since during the perfusion
process, oxidating substances were used to fix the tissue
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Figure 9. Dopamine release in the striatum of hemiparkinsonian
rats since SiO2-DA reservoirs. A. Lesion of SNpc with 6-OHDA, B.
Loss of DAergic nigrostriatal pathway, C. Release of DA in the stria-
tum since SiO2-DA reservoir. Abbrev. SNpc, Substantia nigra pars
compacta; SNr, Substantia nigra reticulata; CPu, Caudado-Putamen
nucleus (Striatum), 6-OHDA, 6-hidroxydopamine; DA, dopamine.

and during the brain cutting process and the assembly of
the cuts obtained there was exposure to the environment,
the DA molecules that were still conserved within the re-
servoir could have been oxidized. This finding supports
that the DA molecules were able to remain functional
within the reservoir before the process of euthanizing the
rats and perfusing the brains. This agrees with in vitro
studies that evaluated the stability of DA within reservoirs
of nanostructured silica Furthermore, in the post-mortem
analysis of the brains of the hemiparkinsonian rats with
the use of immunohistochemistry for tyrosine-hydro-
xylase (T-H), a lack of immunolabeling to the T-H enzyme



is observed in the striatum and the SNpc on the right side
of the brain. This means that in the restoration of motor
symmetry in the adjusting step test, there was no partici-
pation of cell regeneration, as demonstrated by the lack of
immunolabeling of T-H in the right side of the striatum
and the SNpc, confirming the absence of this enzyme, and
therefore, of viable DAergic neurons.

The results of this study showed that the unilateral
lesion of the nigrostriatal DAergic pathway induced a
significant reduction in the independent use and in the si-
multaneous use or association with the IF to contact the
wall of a transparent cylinder during vertical exploration,
considering analogous the use of human legs during pos-
tural changes, by previous studies.”!® In animals without
implants or with SiO2 reservoirs, the deterioration in the
relative percentage of the independent use of the CF or in
association with the use of the IF to contact the cylinder
wall remained unchanged until week 24 PL (week 16 PI,
respectively). On the contrary, in animals with SiO2-DA
reservoirs, the relative percentage in the independent use
of the CF or in association with the IF (both limbs) to
contact the cylinder wall showed a significant increase in
the week 16 PI evaluation, although no significant effect
was observed yet in the week 4 PI.

The difference in sensitivity between the postural ad-
justment tests to the treatments was also observed in a
previous study with systemic administration of caffeine.’
In that study was observed that the adjusting step test is
more sensitive to the beneficial effect of the treatment
than the cylinder test. For example, with the daily admi-
nistration of caffeine at a dose of 3 mg/kg for 3 weeks,
the maximum effect on the execution of steps of the CF
was observed from the first week of treatment, while in
the cylinder test, there was only a significant increase in
BF up to the second week of treatment with no change
in the independent use of the CF. Unlike the study with
systemic administration of caffeine at the dose of 3 mg/
kg, it’s important to note that in the present study, the rats
with a Si02-DA reservoir implant didn’t present a signi-
ficant change in the RP of independent use of CF or the
RP of BF to touch the cylinder wall at week 4 PI. Until
week 16 PI, the RP in the independent use of the CF had
a significant increase against the BPOST values, although
significantly lower than that obtained in BPRE.

Together, our results showed a prolonged benefit with
the use of an intrastriatal implant of SiO2-DA reservoir in
hemiparkinsonian rats, with a sustained reduction of pos-
tural instability. The hypothesis that the prolonged impro-
vement in postural adjustment in the hemiparkinsonian rats
was due to the prolonged and stable release of DA intras-
triatal, is supported by the lack of motor improvement in
the animals with the intrastriatal implant of SiO2 reservoir
without DA, while the motor improvement in the postural
adjustment tests in rats with the SiO2-DA reservoir main-

tained until the fourth month of evaluation, and there was
the presence of oxidizable particles present in the perfused
brains of these rats even at 17 weeks PI.

Accordingly, the stability of the response in the ad-
justing step test at weeks 4, 8, 12, and 16 PI showed an
intrastriatal controlled release of DA. In the present study,
the animals didn’t show behavioral alterations outside
the predicted by the hemiparkinsonism model. Neither
adverse effects due to prolonged intracerebral DA re-
lease were observed, such as the “on-off” phenomenon
nor motor abnormalities such as dyskinesias. Side effects
are frequently induced by prolonged systemic adminis-
tration of L-DOPA in patients with PD? and in hemipar-
kinsonian rats2-**The present study suggests that the use
of SiO2-DA reservoirs implanted in the striatum may also
be effective in the reduction of akinesia and in increasing
postural stability in patients with PD. Although more
studies are required to ensure this proposal, the results
obtained in this study are promising.

Conclusion

This study demonstrated that the nanostructured
silica reservoirs with DA implanted in the striatum of he-
miparkinsonian rats produced a significant improvement
in postural adjustment with prolonged recovery in the use
of the CF to execute steps, as well as in the RP in the inde-
pendent use of the CF, and BF for contacting the cylinder
wall. We didn’t observe rejection to the reservoir or deve-
lopment of dyskinesias or any other adverse effect during
the total time of the study. The results of this study de-
monstrate that intrastriatal implants with DA have the po-
tential to be used as a safe and effective way of sustained
release of drugs in patients with PD. However, further
studies are necessary not only to assess the prolonged
effects of SiO2-dopamine implants but also to evaluate
possible toxicity effects of the SiO2 implant itself beyond
the scope of this study.

Referencias

1. Lazaro-Figueroa A, Reyes-Pérez P, Morelos-Figa-
redo E, Guerra-Galicia CM, Estrada-Bellmann I,
Salinas-Barboza K, et al. MEX-PD: A national net-
work for the epidemiological & genetic research of
Parkinson’s disease. medRxiv (Preprint) 2023 Aug
31: https://doi.org/10.1101/2023.08.28.23294700.

2. Darmopil S, Martin AB, Ruiz de Diego I, Ares
S, Moratalla R. Genetic inactivation of dopamine
DI but not D2 receptors inhibits L-DOPA-induced
dyskinesia and histone activation. Biol Psychiatry
2009;  66:603-613.  https:/doi.org/10.1016/j.biop-

3. Mateus C, Coloma J. Health economics and cost of
illness in Parkinson’s Disease. Eur Neurol Rev 2013;
8(1):6-9. https://doi.org/10.17925/ENR.2013.08.01.6

Vol. 33 No 1 2024 / Revista Ecuatoriana de Neurologia 73


https://doi.org/10.1101/2023.08.28.23294700
https://doi.org/10.1016/j.biopsych.2009.04.025
https://doi.org/10.1016/j.biopsych.2009.04.025
https://doi.org/10.17925/ENR.2013.08.01.6

10.

11.

Loépez T, Bata-Garcia JL, Esquivel D, Ortiz-Islas
E, Gonzilez R, Ascencio J, et al. Treatment of
Parkinson's disease: nanostructured sol-gel silica-
dopamine reservoirs for controlled drug release in
the central nervous system. Int J] Nanomedicine 2011;
6:19-31. https:/doi.org/10.2147%2FIJN.S13223.
Padilla-Godinez FJ. Estudio de la liberacion contro-
lada de dopamina a través de nanoreservorios como
estrategia terapéutica potencial para la enfermedad
de Parkinson. [Tesis de Maestria en Ciencias Bio-
quimicas]. México: Universidad Nacional Autébnoma
de México. Maestria y Doctorado en Ciencias Bio-
quimicas; 2023. https:/hdl.handle.net/20.500.14330/
TES01000836815

Secretaria de Agricultura, Ganaderia, Desarrollo
Rural, Pesca y Alimentacion. [Internet]. NOM-
062-Z00-1999. Especificaciones técnicas para la
produccion, cuidado y uso de los animales de labo-
ratorio. Diario Oficial de la Federacion. 2001; 75:113-
160. [cited 2023 sep 28] Available from: https:/www.
gob.mx/cms/uploads/attachment/file/203498/NOM-
062-Z00-1999 _220801.pdf

Esquivel-Gomez DM. Sintesis y caracterizacion de
nanomateriales de silice sol-gel para liberacion con-
trolada de dopamina. [Tesis de Doctorado en Cien-
cias Quimicas]. México: Universidad de Guanajuato.
Division de Ciencias Naturales y Exactas Posgrado
en Quimica; 2010.

National Academy of Sciences. [Internet]. Guide for
the Care and Use of Laboratory Animals. 8th Edith.
Washington DC: The National Academic Press; 2011
[cited 2023 Sep 28]. Available from: https:/grants.nih.
gov/grants/olaw/guide-for-the-care-and-use-of-labo-
ratory-animals.pdf.

Olmedo-Diaz S, Estévez-Silva H, Orddd G, Bjerkén
SA, Marcellino D, Virel A. An altered blood-brain
barrier contributes to brain iron accumulation and
neuroinflammation in the 6-OHDA rat model of
Parkinson’s disease. Neuroscience 2017; 362:141-151.
https:/doi.org/10.1016/j.neuroscience.2017.08.023.
Ermine CM, Wright JL, Frausin S, Kauhausen JA,
Parish CL, Stanic D, et al. Modelling the dopamine
and noradrenergic cell loss that occurs in Parkinson’s
disease and the impact on hippocampal neuroge-
nesis. Hippocampus 2018; 28:327-337. https:/doi.
org/10.1002%2Fhipo.22833.

Paxinos G, Watson C. [Internet]. The Rat Brain in
Stereotaxic Coordinates, 6th ed. Academic Press,
San Diego; 2007. [cited 2023 Sep 28] Available from:

http:/mikrokirurgi.se/wp-content/uploads/2013/10/
Paxinos-The-rat-brain-in-stereotaxic-coordinates.

pdf.

74 Revista Ecuatoriana de Neurologia / Vol. 33, No 1, 2024

12.

13.

14.

15.

16.

17.

18.

19.

20.

Da Cunha C, Wietzikoski EC, Machado-Ferro M,
Regina-Martinez G, Vital MA, Hipoélide D, et al.
Hemiparkinsonian rats rotate toward the side with
the weaker dopaminergic neurotransmission. Behav
Brain Res 2008; 189:364-372. https://doi.org/10.1016/].
bbr.2008.01.012

Heredia-Lopez FJ, Bata-Garcia JL, Alvarez-Cervera
FJ, Gongora-Alfaro JL. A novel rotometer based on
a RISC microcontroller. Behav Res Meth Compu-
ters and Instruments 2002; 34:399-407. https:/doi.
org/10.3758/bf03195468.

Chang JW, Wachtel SR, Young D, Kang UlJ. Bioche-
mical and anatomical characterization of forepaw
adjusting steps in rat models of Parkinson’s discase:
studies on medial forebrain bundle and striatal
lesions. Neuroscience 1999; 88:617-628. https:/doi.
org/10.1016/s0306-4522(98)00217-6.

Lindner MD. Development of behavioral outcome
measures for preclinical Parkinson’s research. In:
Central nervous system diseases: innovative animal
models from lab to clinic. Totowa, NJ: Humana Press;
2000. https:/doi.org/10.1007/978-1-59259-691-1_9.
Bata-Garcia JL, Tun-Coba L, Alvarez Cervera FJ,
Villanueva-Toledo JR, Heredia-Lopez FJ, Gongora-
Alfaro JL. Improvement of postural adjustment
steps in hemiparkinsonian rats chronically treated
with caffeine is mediated by concurrent blockade
of Al and A2A adenosine receptors. Neuroscience
2010; 166:590-603. https:/doi.org/10.1016/j.neuros-
cience.2009.12.072.

Bata-Garcia JL, Villanueva-Toledo J, Gutiérrez-
Ospina G, Alvarez-Cervera FJ, Heredia-Lopez FJ,
Gongora-Alfaro JL. Sustained improvement of motor
function in hemiparkinsonian rats chronically treated
with low doses of caffeine or trihexyphenidyl. Phar-
macol Biochem Behav 2007; 86:68-78. https:/doi.
org/10.1016/5.pbb.2006.12.009.

Schallert T, Tillerson JL. Intervention strategies
for degeneration of dopamine neurons in parkinso-
nism. In: Central Nervous System Diseases. Innova-
tive Animal Models from Lab to Clinic. Totowa, NJ:
Humana Press; 2000. https:/doi.org/10.1007/978-1-
59259-691-1_8.

Lundblad M, Andersson M, Winkler C, Kirik D,
Wierup N, Cenci MA. Pharmacological validation
of behavioural measures of akinesia and dyskinesia
in a rat model of Parkinson’s disease. Eur J Neu-
rosci 2002; 15:120-132. https://doi.org/10.1046/1.0953-
816x.2001.01843 x.

Andreollo NA, dos Santos EF, Aratijo MR, Lopes LR.
Rat’s age versus human’s age: What is the relation-
ship? Arq Bras Cir Dig 2012; 25(1): 49-51. https:/doi.
org/10.1590/50102-67202012000100011.



https://doi.org/10.2147%2FIJN.S13223
https://hdl.handle.net/20.500.14330/TES01000836815
https://hdl.handle.net/20.500.14330/TES01000836815
https://www.gob.mx/cms/uploads/attachment/file/203498/NOM-062-ZOO-1999_220801.pdf
https://www.gob.mx/cms/uploads/attachment/file/203498/NOM-062-ZOO-1999_220801.pdf
https://www.gob.mx/cms/uploads/attachment/file/203498/NOM-062-ZOO-1999_220801.pdf
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
https://doi.org/10.1016/j.neuroscience.2017.08.023
https://doi.org/10.1002%2Fhipo.22835
https://doi.org/10.1002%2Fhipo.22835
http://mikrokirurgi.se/wp-content/uploads/2013/10/Paxinos-The-rat-brain-in-stereotaxic-coordinates.pdf
http://mikrokirurgi.se/wp-content/uploads/2013/10/Paxinos-The-rat-brain-in-stereotaxic-coordinates.pdf
http://mikrokirurgi.se/wp-content/uploads/2013/10/Paxinos-The-rat-brain-in-stereotaxic-coordinates.pdf
https://doi.org/10.1016/j.bbr.2008.01.012
https://doi.org/10.1016/j.bbr.2008.01.012
https://doi.org/10.3758/bf03195468
https://doi.org/10.3758/bf03195468
https://doi.org/10.1016/s0306-4522(98)00217-6
https://doi.org/10.1016/s0306-4522(98)00217-6
https://doi.org/10.1007/978-1-59259-691-1_9
https://doi.org/10.1016/j.neuroscience.2009.12.072
https://doi.org/10.1016/j.neuroscience.2009.12.072
https://doi.org/10.1016/j.pbb.2006.12.009
https://doi.org/10.1016/j.pbb.2006.12.009
https://doi.org/10.1007/978-1-59259-691-1_8
https://doi.org/10.1007/978-1-59259-691-1_8
https://doi.org/10.1046/j.0953-816x.2001.01843.x
https://doi.org/10.1046/j.0953-816x.2001.01843.x
https://doi.org/10.1590/s0102-67202012000100011
https://doi.org/10.1590/s0102-67202012000100011

21. Lundblad M, Usiello A, Carta M, Hakansson K,
Fisone G, Cenci MA. Pharmacological validation of
a mouse model of L-DOPA-induced dyskinesia. Exp
Neurol 2005; 194(1):66-75. http:/dx.doi.org/10.1016/].
expneurol.2005.02.002.

22. Rangel-Barajas C, Silva I, Lopéz-Santiago LM,
Aceves J, Erlij D, Floran B. L-DOPA-induced dys-
kinesia in hemiparkinsonian rats is associated with
up-regulation of adenylyl cyclase type V/VI and
increased GABA-release in the substantia nigra
reticulata. Neurobiol Dis 2011; 41:51-61. https:/doi.
org/10.1016/4.nbd.2010.08.018.

Acknowledgments: The SiO2 with and without DA to ela-
borate the reservoirs in this study was a kind donation of
DMEG of the Research Center in Inorganic Chemistry of the
University of Guanajuato, Mexico. The authors financed most
of the material expenses used in the study. The authors also
thank the authorities of the Regional Research Center "Dr.
Hideyo Noguchi" of the Autonomous University of Yucatan
in Merida, Yucatan, Mexico for its support of infrastructure.
Author Contributions: JLBG and ASCT contributed
equally to the experimental part of this work. All authors
contributed to the structure of the paper and guided and
critically reviewed the manuscript drafiing.

Conflicts of Interest: The authors declare no conflict of
interest.

Vol. 33 No 1 2024 / Revista Ecuatoriana de Neurologia 75


http://dx.doi.org/10.1016/j.expneurol.2005.02.002
http://dx.doi.org/10.1016/j.expneurol.2005.02.002
https://doi.org/10.1016/j.nbd.2010.08.018
https://doi.org/10.1016/j.nbd.2010.08.018

